The nonlinear mechanical response of carbon nanotubes, referred to as their 1 "buckling" behavior, is a major topic in the nanotube research community. Buckling means 
Axial compression buckling 112

Shell buckling or column buckling?
113
Buckled patterns of single-walled nanotubes (SWNTs) under axial compression depend on their as- 114 pect ratio [15, 18, 33] , which equals the ratio of length to diameter of nanotubes. Roughly, a thick and 115 short SWNT (i.e., with small aspect ratio) undergoes shell buckling while keeping a straight cylindrical 116 axis, whereas a thin and long one tends to exhibit a series of shell and column (or Euler) buckling.
117
The shell buckling process is depicted in the left panel of Fig. 2 [118], where a (10,10) SWNT with 118 a length of 9.6 nm and an aspect ratio of ∼7 was chosen. 4 It is seen that the strain energy increases 119 quadratically with strain at the early prebuckling stage. At a critical strain of 3.5%, a sudden drop in 120 energy is observed, 5 corresponding to the occurrence of shell buckling. During the postbuckling stage, different models depending on the aspect ratio. As to their consistency with atomistic simulation results,
142
readers can refer to Ref. [120] in which a list of critical strain data under different conditions is detailed. 
Force-displacement curve
144
We now turn to experimental facts [122] . Because of the difficulty in sample preparation and ma-145 nipulation, only a few attempts have been made to perform axial buckling measurements [85] [86] [87] . In 146 particular, experimental realization of shell buckling under compression has largely behind, though its 147 signature has been obtained via nanoindentation [123] . Hence in the following discussion, we focus our 148 attention to the column buckling measurements.
149
The pioneering work [85] is presented in Fig. 3 ; The TEM images of (a)-(f) clarify a series of defor- 
157
A more sweeping measurement on the nanotube resilience was performed for the MWNT with a 158 higher aspect ratio (∼80). Figure 4 shows the resulting force-displacement curve and graphical illus-
159
tration of the buckling process [84] . An important observation is a negative stiffness region (labeled by 
Uniaxial collapse of SWNTs
168
Radial pressure can yield a distinct class of buckling, reflecting the high flexibility of graphene sheets 169 in the normal direction. In fact, radial stiffness of an isolated carbon nanotube is much less than ax- The actual direction of the applied force deviates from the exact axial one by approximately 15
• , as indicated in Fig. 3(a) . 8 The instability at (8) and the sharp rise at (9) during unloading stem from the tip pulled out of contact from the sample, while the nanotube end remains in contact. tered, and we are far away from a unified understanding; for example, the radial stiffnesses of nanotubes 175 estimated thus far vary by up to three orders of magnitude [31, 34, 35, 40, 43, 56, 59, 124] .
176
The overall scenario of SWNT deformation under hydrostatic pressure is summarized in Fig. 5 
181
From a structural perspective, the radial collapse can give rise to interwall sp 3 bonding between adja-182 9 For larger radius SWNTs, the peanut-like deformed structure can be transformed to dumbbell-like configurations by van der Waals (vdW) attractions between the opposite walls of nanotubes. The latter structure is energetically stable even when the applied force is unloaded. Other types of radial deformation arise when deviate the interwall spacings of MWNTs from the 228 vdW equilibrium distance (∼ 0.34 nm) [60] . 11 The simulations show that the cross sections stabilized at walled ones, the configuration becomes asymmetric, featuring a water-drop-like morphology.
233
From an engineering perspective, the tunability of the cross-sectional geometry may be useful in 
Diameter dependence 266
The geometrical size is a crucial factor for determining buckling behaviors of SWNTs under bending.
267
For instance, those with a small diameter can sustain a large bending angle prior to buckling, and vice 
Transient bending
277
We have learned in §4 that for relatively thin SWNTs, the buckling is characterized by a disconti- bending is required to bring the two sides close enough, as observed in Fig. 11(a) , which results in the 286 second discontinuity.
287
The thick-nanotube's buckling behavior mentioned above is illustrated in Fig. 12(a) , where the defor- A remarkable finding in the simulations is that the rippling deformation closely resembles the Yoshimura 327 pattern 14 (a diamond buckling pattern). We can see that the rippling profile in Fig. 14(b) consists not of 
333
The rippling deformation, peculiar to thick MWNTs, is a consequence of the interplay between the 334 strain-energy relaxation and the vdW energy increment. As intuitively understood, the low bending 335 rigidity of individual graphitic sheets, relative to their large in-plane stiffness, makes it possible to release 336 effectively a significant amount of the membrane strain energy at the expense of slight flexural energy.
337
As a result, rippled MWNTs have a significantly lower strain energy than uniformly bent MWNTs. the rippling deformation leads to much lower values of strain energy and an increase in vdW energy.
344
The evolution of the total energy E tot with respect to curvature radius R is very accurately fitted by . Energy curves for a bent 34-walled nanotube with respect to the bending curvature. Shown are the strain energy for fictitiously uniform bending (squares), the strain energy for actually rippled deformation (crosses), and the total energy (i.e., sum of the strain energy and the vdW one) for rippled deformation (circles). Reprinted from Ref.
[161].
intriguing coupling effect shows that a chiral SWNT can convert motion between rotation and translation,
362
thus promising a potential utility of chiral SWNTs as electromechanical device components.
363
The effect of structural details on buckling of a torsional SWNT was explored using MD calculations buckling strain of ∼7.6%, which is significantly larger than that (∼4.3%) under left-handed rotation. MWNTs, high strain energy is stored along the ridge regions, whereas in bent MWNTs, the strain en-389 ergy is equally concentrated both at the ridges and furrows. by the exponent a = 2 for the relation E ∝ κ a or E ∝ Θ a (indicated by blue lines in Fig. 19 ) and an 397 anharmonic, postbuckling regime with exponent a ∼ 1.4 for bending and a ∼ 1.6 for torsion (red lines).
398
The latter nonlinear response corresponds to the ripples of the graphene walls discussed earlier.
399
Figures 19(b) and (e) show the data collapse for all the tested nanotubes upon a universal scaling law. This law is described by the anharmonic exponent a and the characteristic length scale ℓ cr . In twist situations, it is defined by ℓ cr = Θ cr R 2 /L, where L and R are the length and outer radius, respectively of the MWNTs considered, and Θ cr denotes the critical twisting angle at which the buckling arises. In bending cases, ℓ cr = κ cr R 2 with κ cr being the critical buckling curvature. Then, the unified law plotted in red and blue in Figs. 19(b) and (e) is
with x = ΘR/L or x = κR. The actual value of ℓ cr was evaluated as ℓ cr ∼ 0.1 nm for both bending 400 and twisting cases. It should be emphasized that since ℓ cr has dimension of length, the unified law is size 401 dependent; for instance, the thicker the MWNTs, the smaller will be the obtained Θ cr or κ cr . in the buckling behavior are of course to be addressed in future.
Role of defects and imperfections
442
Another interesting subject is to employ the presence of defects as regulator of heat conduction 443 through carbon nanotubes. With the increase of number of defects, the thermal conductance of nanotubes 444 rapidly decreases. The reason for this large reduction is that high-frequency phonons which contribute 445 to thermal transport is strongly scattered by the structural defects. It has been numerically predicted that
446
[184] even a few structural defects in nanotubes can lead to a strong suppression of thermal transport by . TEM image of nanotubes and sketches of each nanotube's cross sections for (a) a five-wall nanotube with a diameter of 6.7 nm, (b) a double-wall nanotube with a diameter of 5.5 nm, and (c) a seven-wall nanotube with a diameter of 6.5 nm, which has the smallest hollow diameter (∼2.2 nm) among the three specimens. Electron diffraction patterns showing (d) the superposition of three sets of {hk0} spots taken from a seven-wall nanotube and (e) the superposition of four sets of {hk0} spots from a nine-wall nanotube. Reprinted from Ref.
[3].
Appendix:
472
A. Who discovered carbon nanotubes first?
473
In Appendix, we take a look at the history of who discovered nanotubes and when, 17 for mainly 
484
From a historical perspective, however, Iijima's finding is not the first reported carbon nanotube.
485
Careful analysis of the literature shows that there had been many precedents prior to 1991, in which the 486 presence of analogous (and almost identical) nanostructures including "carbon tubes" [192] and were the first to take photographs of the overall picture of the cylindrical tube-shaped nanocarbon sub-526 stance (although photographs taken by other researchers could still be discovered in future). However,
527
Iijima was the first to reveal that the microscopic structure unique to nanotubes was multiwalled and 528 helical, by using "the eyes" of electron diffraction. 
